1. Introduction {#sec0001}
===============

Amino acids are indispensable nutrients for all living cells. Both non-essential and essential amino acids play a key role in supporting cell growth and proliferation. In tumor cells, the rapid growth and proliferation of tumor cells have an increased demand for amino acids, which is necessary to support the basic unit of protein synthesis [@bib0001].

Amino acids are hydrophilic that cannot freely transfer through mammalian cell membrane [@bib0002]. The uptake of amino acids into cells requires the assistance of specific transporters on the cell membrane [@bib0003]. To date, a plenty of amino acid transporters have been found to be expressed in mammals. They are differentiated by substrate selectivity, appetency, driving force and coupling ions (*e.g.,* H^+^, Na^+^, K^+^ and Cl^−^) [@bib0003]. Since tumor cells have a unique metabolic demand for amino acids to satisfy rapid growth and proliferation, the expression of amino acid transporters is elevated compared with that of normal tissues \[[@bib0004],[@bib0005]\]. Thus, amino acid transporters have been involved as emerging targets for cancer therapy [@bib0002].

Traditional targeting strategies have mainly focused on "starving cancer cells to death" by blocking the intake of nutrients [@bib0006]. Studies have shown that the blockade of amino acid transporters is more selective in tumor cells and avoids undesirable off-target effects due to different distribution profile of transporters \[[@bib0002],[@bib0006]\]. However, from another perspective, this particular distribution might also provide an opportunity for tumor-targeting therapy, such as the application in positron emission tomography (PET), boron neutron capture therapy (BNCT) and chemotherapeutic drug delivery system [@bib0007], [@bib0008], [@bib0009]. Currently, several commercially available drugs, including methyldopa (Actavis^Ⓡ^), levodopa (Stalevo^Ⓡ^), and baclofen (Zentiva^Ⓡ^), have been clinically used that utilized the transport function of SLC7A5 and SLC7A8. Moreover, valaciclovir (Valtrex^Ⓡ^), as the [l]{.smallcaps}-valine ester of acyclovir, has been confirmed to be a substrate for PEPT1 and SLC6A14. Several ongoing clinical trials are also conducted for elucidating the clinical value of amino acid-tracer for diagnosis and staging of cancer based on its high expression level in tumor. For example, a form of tryptophan marked with radiation has been applied for PET scan to recognize and differentiate between various types of brain tumors (NCT02367482) [@bib0010]. Understanding tryptophan metabolism in brain tumors will help to find new approaches to treat brain tumors by altering abnormal tryptophan metabolism. Moreover, a phase I study has been carried out to evaluate whether 18F-fluciclovine PET/CT can better stage muscle invasive bladder cancer, and reveal the pathologic grade of the bladder cancer by targeting SLC1A5 and SLC7A5 amino acid transporters, compared to conventional detection methods (NCT04018053) [@bib0011].

In this review, we concentrate on tumor-related amino acid transporters and targeting delivery strategies for cancer therapy, including (1) amino acid transporters in tumors; (2) important roles of amino acid transporter in the development and progression of tumors; (3) structural characteristics of typical substrates; (4) amino acid transporter as a target for rational design of prodrugs; and (5) amino acid transporter-targeted nanocarriers.

2. Amino acid transporters in tumors {#sec0002}
====================================

Due to the hydrophilicity, amino acids cannot diffuse through the biofilm and rely on specific transporters to traverse across biological membranes to satisfy nutritional requirements and participate in cell metabolism. The amino acid transporters are expressed in different levels in types of cancers, and exhibit different properties in substrate selectivity, required coupling ions and transporting dynamics ([Table 1](#tbl0001){ref-type="table"}).Table 1Amino acid transporters associated with cancer.Table 1Amino acids transporterGene symbolLocationSubstratesK~m~ (μM)Transport mechanismNormal organ/tissueCancer typeLAT1SLC7A5Brain, spleen, testis, thymus [@bib0013]Breast cancer, cervical cancer, nasopharyngeal cancer, pulmonary cancer, glioma [@bib0014], [@bib0015], [@bib0016]Large neutral amino acids, [l]{.smallcaps}-dopa, thyroid hormones (T3 and T4), melphalan, baclofen, gabapentin [@bib0047]10--200 [@bib0047]Obligatory exchange; AA[1](#tb1fn1){ref-type="table-fn"} exchanged for AAASCT2SLC1A5Kidney, intestine [@bib0003]Colorectal cancer, prostate cancer, liver cancer, lung cancer, breast cancer, cervical cancer, esophageal cancer, ovarian cancer, renal cancer, brain cancers \[[@bib0019],[@bib0020]\]Alanine, serine, threonine, glutamine [@bib0048]20--500 [@bib0048]Obligatory exchange; Na^+^/AA exchanged for Na^+^/AAxCTSLC7A11Ubiquitous [@bib0003]Lymphoma, glioma, prostate cancer, breast cancer [@bib0026]Cysteine, glutamate [@bib0024]Obligatory exchange; AA exchanged for AAATB^0,+^SLC6A14Lung, intestine, prostate, mammary gland, salivary gland, eye \[[@bib0029],[@bib0049]\]Colon cancer, cervical cancer, pancreatic cancer, breast cancer [@bib0033]Neutral and cationic amino acids, carnitine [@bib0050]6--633 [@bib0029]Unidirectional; Na^+^/Cl^−^/AA symportCAT1SLC7A1Ubiquitous [@bib0036]Liver cancer, colorectal cancer, breast cancer [@bib0038], [@bib0039], [@bib0040], [@bib0041]Arginine, histidine, lysine, pyrrolysine, ornithine [@bib0051]100--150 [@bib0051]Unidirectional[^1]

2.1. LAT1 {#sec0003}
---------

LAT1 (large amino acids transporter, SLC7A5), a high-affinity transporter for branched chain amino acids and aromatic amino acids such as leucine and phenylalanine, is covalently attached to 4F2hc (CD98/SLC3A2) for its trafficking to the cytomembrane [@bib0012]. LAT1 is a Na^+^-independent obligatory exchanger between amino acids [@bib0012].

Besides normal tissues (such as brain, spleen, testis and thymus), LAT1 is also highly expressed in tumor cells (such as breast cancer, pulmonary pleomorphic cancer and glioblastoma) [@bib0013], [@bib0014], [@bib0015], [@bib0016]. The inhibition of LAT1 is suggested to be an effective therapeutic approach in the context of thyroid [@bib0012]. Hafliger et al. found that JPH203, a LAT1 inhibitor, markedly inhibited proliferation of tree anaplastic thyroid cancer through suppression of mammalian target of rapamycin (mTOR) signals and blocked cell cycle progression from the G0/G1 phase to the S phase [@bib0012].

2.2. ASCT2 {#sec0004}
----------

ASCT2, known as SLC1A5, is related to the glutamine exchange with other neutral amino acids such as serine, alanine and cysteine as a modulator [@bib0017]. It functions as an obligatory exchanger that imports a Na^+^-coupled amino acid substrate into cells and exports another Na^+^-coupled amino acid substrate with 1:1 stoichiometry [@bib0018].

Particularly, glutamine is primarily imported into cancer cells via ASCT2 [@bib0019]. For highly proliferative cells such as inflammatory and stem cells that have a great demand for glutamine, ASCT2 shows a relatively high expression level compared with normal cells [@bib0017]. Similarly, ASCT2 is also highly expressed in many human cancers, such as colorectal, prostate, hepatic, lung, breast, cervical, esophageal, ovarian, renal and brain cancers, being a putative therapeutic target for anti-cancer therapy \[[@bib0019],[@bib0020]\]. The blocking of ASCT2 has been successfully used to inhibit tumor cell growth both *in vitro* and *in vivo*, with rare effect on normal cells [@bib0020], [@bib0021], [@bib0022], [@bib0023].

2.3. xCT {#sec0005}
--------

System x~c~^−^ (cysteine/glutamate antiporter) belongs to the family of heterodimeric amino acid transporter [@bib0001]. It consists of a light chain xCT (SLC7A11) as transporter subunit and a heavy chain (SLC3A2) as regulatory subunit [@bib0024]. System x~c~^−^ is highly expressed in cancer cells as a Na^+^-independent transporter for importing extracellular cysteine and exporting glutamate from cells with a stoichiometry of 1:1 \[[@bib0024],[@bib0025]\]. System x~c~^−^ is essential for maintaining the intracellular redox homeostasis of cancers. xCT is upregulated in cancers to promote glutathione (GSH), and thus reduce oxidative stress and cell apoptosis [@bib0026]. A decrease of xCT suppresses the growth of lymphoma, glioma, prostate and breast cancer, and inhibits tumor metastasis [@bib0027]. xCT-mediated redox balance in tumor cells is supposed to be related to drug- and radiation-resistance, indicating xCT as a therapeutic target for cancer treatment \[[@bib0026],[@bib0028]\].

2.4. ATB^0,+^ {#sec0006}
-------------

ATB^0,+^ (SLC6A14) is consisted of 638 amino acids with 12 putative transmembrane domains. It was originally cloned from human mammary gland [@bib0029]. The transport function is unidirectional, coupled with a Na^+^/Cl^−^/amino acid (or amino acid-like substrate) at a stoichiometry of 2-3:1:1 \[[@bib0030],[@bib0031]\]. Thus in theory ATB^0,+^ owns the ability of concentrating its substrates inside the cells and achieve exceeding multiple times of that in extracellular media, in stark contrast to the majority of other amino acid transporters with only membrane potential [@bib0032].

High levels of SLC6A14 has been found in many kinds of cancers, including pancreatic, cervical, colon, stomach, thyroid, endometrioid, rectal, liver and bladder cancer [@bib0033]. Furthermore, the overexpressed ATB^0,+^ in colorectal cancer even markedly promoted the metastases in lymph nodes and liver [@bib0034]. It\'s also worth mentioning that ATB^0,+^ could transport almost all essential amino acids to meet the enormous nutritional demand for the proliferative tumor cells [@bib0035]. Meanwhile, ATB^0,+^could cooperate with several exchange-type transporters. For instance, glutamine could be concentrated to a sufficient intracellular level via ATB^0,+^, and acts as an exchangeable substrate for LAT1, ASCT2 and xCT to balance the types of amino acids in supporting the growth of tumor cells [@bib0006].

2.5. CAT1 {#sec0007}
---------

CAT1 (cationic amino acid transporter 1, SLC7A1) belongs to the CAT family (SLC7) [@bib0036]. CAT1 is a facilitated diffuser and major entry path in most cells for cationic amino acids and play a key role in nitric oxide synthesis, polyamine biosynthesis and interorgan amino acid flow by delivery [l]{.smallcaps}-arginine [@bib0037]. CAT1 protein exhibited higher levels in hepatitis B virus (HBV)-related hepatocellular carcinomatous tissues than in para-cancerous tumor tissues [@bib0038]. CAT1 was also found to promote cell growth, proliferation and metastasis in colorectal and breast cancer [@bib0038], [@bib0039], [@bib0040]. Besides CAT1, CAT family contains CAT2A (SLC7A2A) and CAT2B (SLC7A2B) [@bib0036]. In contrast, CAT2A is mainly located in liver while CAT2B is relevant to immune cells \[[@bib0036],[@bib0041]\].

2.6. Other amino acid transporters {#sec0008}
----------------------------------

GLAST (GLutamate ASpartate Transporter, SLC1A3) is a Na^+^-dependent glutamate-aspartate transporter expressed by astrocytes with a role in glutamate uptake, which is significantly correlated with a shortened overall survival of patients [@bib0042]. New research suggests that UCPH-101, the inhibitor of GLAST, limited the progression and invasion of glioblastoma xenografts, indicating that GLAST might have a crucial role in glutamate trafficking as a new therapeutic target [@bib0042].

PQLC2, a heptahelical protein with a duplicated PQ loop (PQ loop repeat-containing), specifically mediates the pH-dependent export of the cationic amino acids (arginine, histidine and lysine) from lysosomes [@bib0043]. Yun J. demonstrated that the upregulation of PQLC2 might be involved in the development of gastric cancer. PQLC2 promotes cell growth, anchorage independence and tumor formation, possibly by activating MEK/ERK1/2 and PI3K/AKT signaling [@bib0043].

SNAT1, also referred to as ATA1 or SLC38A1, has been found to be overexpressed in breast and gastric cancer and contributes to tumor progression [@bib0044]. Consequently, suppression of SNAT1 could also lead to cell growth inhibition, cell cycle arrest and cell apoptosis [@bib0045].

LAT2 (SLC7A8), a Na^+^-independent neutral amino acid transporter, overexpressed in gemcitabine-resistant pancreatic cancer cells, and functions as an oncogenic protein [@bib0046]. LAT2 could regulate glutamine-dependent mTOR activation to promote glycolysis and decrease the sensitivity of gemcitabine [@bib0046].

3. Important roles of amino acid transporter in the development and progression of tumors {#sec0009}
=========================================================================================

Due to the rapid growth, tumor cells have increased demand for amino acid in maintaining one-carbon metabolism, signal transduction, as well as protein and nucleotide synthesis. Glutamine acts as a prominent role in metabolic pathways of tumors, which is called "glutamine addiction" [@bib0002]. Glutamine participates in tricarboxylic acid cycle and offers nitrogen in the synthesis of purines and pyrimidines that comprise the human gene [@bib0052]. Glutamine, leucine and arginine also function as activating mTOR that regulates cell growth and cell cycle progression \[[@bib0052],[@bib0053]\]. Cysteine is the rate-limiting amino acid in synthesizing GSH against oxidative stress and chemoresistance to certain drugs \[[@bib0054],[@bib0055]\]. xCT is the main transporter for cystine that followed converting to cysteine in cells. The blockade of xCT may interfere with tumor growth and reverse resistance to chemotherapy \[[@bib0056],[@bib0057]\].

Amino acid transporters expression levels vary to different degrees among cancer types. According to the report of the Cancer Cell Line Encyclopedia project (Fig. S1A--E), the mRNA expression of SLC7A11 showed the highest level in giant cell tumor and the lower levels in leukemia. Besides, the mRNA expression of SLC7A5 is higher than other four amino acid transporters (SLC1A5, SLC7A11, SLC7A1 and SLC6A14) in upper aerodigestive tumor. These data can help us choose suitable targets for tumor-targeted delivery system. Additionally, the expression of amino acid transporters also depends on the molecular subtypes of cancers. Take breast cancer as a sample, ASCT2 is upregulated in human epidermal growth factor receptor 2 (HER-2) type breast cancer [@bib0058]. Moreover, ATB^0,+^ showed 9.8-fold higher expression in estrogen receptor (ER) positive breast cancer specifically than adjacent normal tissues, since it is induced by estrogen [@bib0059]. Besides, LAT1 were found in HER-2 and triple-negative breast cancer (TNBC) with higher levels than luminal A and B subtypes [@bib0060].

The expression of amino acid transporter is strongly associated with tumor size, tumor grade or metastasis \[[@bib0014],[@bib0061],[@bib0062]\]. According to the data from Kaplan-Meier Plotter, the level of ATB^0,+^ expression in cancer affects the overall survival (OS) and relapse-free survival (RFS) of patients (Fig. S1F-I), and always represents poor prognosis of cancer. Compared with patients expressing high level of SLC6A14, the patients with low level of that exhibited a longer OS and RFS in kidney renal papillary cell carcinoma and lung adenocarcinoma.

4. Structural characteristics of typical substrates {#sec0010}
===================================================

Specialized amino acid transporters mediate the transfer of corresponding substrates across the cell membrane depending on their typical properties.

4.1. Properties of amino acids {#sec0011}
------------------------------

The ionic equilibrium of substrates depends on the pH in blood and extracellular environment. Based on the "acid-base" property of amino acids, transporters are classified into acidic transporter system (*e.g.,* X~AG~^−^), basic transporter system (*e.g.,* y^+^), neutral transporter system (*e.g.,* ASC, B^0^, L) and basic/neutral transporter system (*e.g.,* B^0,+^, y ^+^ L, b^0,+^) [@bib0003]. For example, ASCT2, which belongs to system ASC, preferred to transporting neutral amino acids with K~m~ value in the range of 20--500 µM [@bib0048]. CAT1 (system y^+^) is verified to mediate cationic amino acid-preferring substrates, showing K~m~ value at a range of 100--150 μM for [l]{.smallcaps}-arginine, [l]{.smallcaps}-lysine and [l]{.smallcaps}-ornithine, and easily triggered by substrates at the trans-side of the membrane [@bib0051].

In terms of substrate selectivity, different amino acid transporters have different recognition ranges for substrates. ATB^0,+^ (system B^0,+^) showed a wide selectivity of substrates, transporting 20 naturally essential amino acids (except proline, aspartate and glutamate) with K~m~ value ranging from 6 to 633 µM [@bib0029]. When the α-carboxyl group of the neutral amino acid was amidated or replaced by hydroxymethyl group, the subsequent structures obstructed the recognition of ATB^0,+^ [@bib0031]. However, when the α-carboxyl group was esterified, the binding force with ATB^0,+^ still existed ([Fig. 1](#fig0001){ref-type="fig"}A) [@bib0031]. Furthermore, the recognition of the esterification of α-carboxyl group by ATB^0,+^ is not restricted to small aliphatic group. The choice of esters is broad, such as large aliphatic esters and aromatic esters. Among the derivatives ([L]{.smallcaps}-val-methyl ester, [l]{.smallcaps}-val-butyl ester and [l]{.smallcaps}-val-benzyl ester), [l]{.smallcaps}-val-benzyl ester showed outstanding affinity with ATB^0,+^ [@bib0031]. In addition, the neutral amino acids for esterification can choose from small aliphatic amino acids (*e.g.,* glycine, alanine), bulky hydrophobic amino acids (valine, leucine, isoleucine) and aromatic amino acids (phenylalanine) [@bib0031]. ATB^0,+^ is confirmed to accept not only cationic amino acids, but also some amino acid derivatives with basic features [@bib0030]. Thus, some amino acids that cannot be transported by ATB^0,+^ could be recognized through esterification or acylation of carboxyl group. For example, aspartate and glutamate were not substrates of ATB^0,+^ owing to their anionic side chains, however, β-carboxyl derivatives of aspartate and γ-carboxyl derivatives of glutamate exhibited different interaction efficiency with ATB^0,+^([Fig. 1](#fig0001){ref-type="fig"}B) [@bib0030]. The interaction efficiency possibly depends on the electron-donating ability and steric hindrance of substituents. These results indicated that the modification of anionic side chain of amino acids to neutral or cationic ones might help to be recognized as substrates by ATB^0,+^.Fig. 1The structure characteristics of substrates for ATB0,+ and LAT1. (A) Neutral amino acid (valine) and its derivatives. Adapted from Umapathy et al. [@bib0031]. (B) Aspartate/glutamate and their derivatives. The values given in (A)&(B) represent the percent of glycine uptake percentage in present of the amino acid or corresponding derivatives as competitors. Glycine uptake measured in the absence of any competitors is taken as 100%. In the structures, the moieties in favor of binding with ATB0,+ is highlighted in green line, otherwise in red. Adapted from Hatanaka et al. [@bib0030]. (C) Structure requirement of substrates for LAT1. The values given represent the percent of leucine uptake percentage in present of the analogs as competitors. Leucine uptake measured in the absence of any competitors is taken as 100%. In the structures of [l]{.smallcaps}-leucine and [l]{.smallcaps}-phenyl-alanine, the positive-charged amino group is highlighted in blue, the negative-charged carboxyl group is highlighted in red and the hydrophobic/aromatic moiety is highlighted in yellow. Adapted from Karkkainen et al. [@bib0066].Fig 1

Additionally, the affinity between anionic amino acids and transporters might also be affected by the pH in the environment. For instance, the K~m~ for glutamate of ASCT2 decreased as pH got lower [@bib0003]. The uptake of β-alanine via ATB^0,+^ also showed a downward trend when the extracellular pH changed from pH 7.4 to 5.5, suggesting that the affinity of the substrates to transporters might be affected by the microenvironmental acidity \[[@bib0003],[@bib0063]\].

Most amino acid transporters transport substrates in the form of [l]{.smallcaps}-enantiomers. [d]{.smallcaps}-amino acids, generally considered foreign to metabolic pathway in mammals, are abundant in colon and ileum where bacteria colonization is widespread [@bib0064]. They have the potential of modulating various biological functions in human. Hatanaka found that LAT1 and ATB^0,+^ were capable of mediating transport of both [l]{.smallcaps}-enantiomers and [d]{.smallcaps}-enantiomers [@bib0064]. However, not all amino acids can be transported as [d]{.smallcaps}-enantiomers, and some of them are only transportable in the form of as [l]{.smallcaps}-enantiomers [@bib0064].

4.2. Amino acid analogs {#sec0012}
-----------------------

A wide variety of structural analogs of amino acids can be regarded as transportable substrates for specific transporters in cancer cells. For instance, LAT1 transported several amino acid analogues, such as [l]{.smallcaps}-dopa, thyroid hormones (T3 and T4), melphalan, baclofen and gabapentin with a large maximal transport capacity (V~max~≈40--60 nmol/min/g) and binding affinity (K~m~≈10--200 µM) at blood brain barrier (BBB) [@bib0047]. Additionally, substrates of LAT1 request the structure containing both a positive-charged amino group and a negative-charged carboxyl group, as well as a hydrophobic or an aromatic moiety next to a hydrogen bond acceptor in the center, similar to natural amino acids (*e.g.,* [l]{.smallcaps}-phenyl-alanine and [l]{.smallcaps}-leucine) ([Fig. 1](#fig0001){ref-type="fig"}C) [@bib0065]. Compared with para-conjugation and aliphatic amino acid analog, the meta-conjugation of [l]{.smallcaps}-phenyl-alanine had an increased affinity with LAT1 [@bib0066]. A large, rigid and aromatic meta-substituted [l]{.smallcaps}-phenyl-alanine derivative could achieve more selective and efficient cellular uptake than a smaller, flexible and aliphatic conjugate in LAT1-mediated endocytosis. The selectivity and transport efficacy could also be elevated by linking a methylene group between the aromatic ring of meta-substituted [l]{.smallcaps}-phenyl-alanine and the substituent [@bib0066]. Nagamori found that carboxylic ester and hydroxamic acid derivatives of amino acid analogs were also the preferred substrates of LAT1 \[[@bib0067],[@bib0068]\].

5. Amino acid transporter as a target for rational design of prodrugs {#sec0013}
=====================================================================

The differential distribution of amino acid transporters confers important properties as a key point to targeted therapy. By utilizing prodrug approach, it is possible to convert a drug molecule to amino acid-mimicking substrates that has the possibility to make use of amino acid-mediated selective delivery into the target cells ([Table 2](#tbl0002){ref-type="table"}).Table 2Amino acid transporter mediated prodrugs for tumor-targeting therapy.Table 2ProdrugStructureAmino acid transporterCancer typeEfficacyReferenceMethionine-doxorubicin conjugate![](fx2.gif)LAT1Human liver cancer, lung cancer, breast cancer; mouse sarcomaLow toxicity of gold nanoclusters (Au-NCs)\
Long circulation time\
High tumor affinity\
High NIR fluorescence intensity\
High anti-tumor activity of DOX[@bib0073]Gemcitabine-threonine amide prodrug![](fx3.gif)LAT1Human pancreatic cancerHigh toxicity to cancer cells\
Long circulation time[@bib0074]Aliphatic/aromatic amino acid-propenecid conjugate![](fx4.gif)LAT1Human breast cancerHigh cellular accumulation of anti-cancer agent\
Low multidrug resistance (MDR)[@bib0072]Tyrosine-conjugated P(NIPAAm-co-DMAAm)-fluorescein-5-maleimide![](fx5.gif)LAT1Human cervical cancerThermoresponsitivity\
High cellular uptake[@bib0081]Valine-SN-38![](fx6.gif)ATB^0,+^\
ATA1\
ATA2\
ASCT2Human breast cancerHigh cellular accumulation No MDR[@bib0077]Glutamine-Pt (IV) conjugate![](fx7.gif)ASCT2Human lung cancerLow extrusion by LAT1\
High cellular accumulation\
High antiproliferation activity\
Low Pt-associated side effects[@bib0079]Boronophenylalanine![](fx8.gif)LAT1\
LAT2\
ATB^0,+^Human glioblastoma,\
pancreatic cancer, cervical cancer, breast cancerHigh tumor accumulation\[[@bib0007],[@bib0080]\]

LAT1-utilizing prodrugs were designed to achieve both targeted brain delivery and low peripheral distribution of the parent drug by taking advantage of specific high expression of LAT1 in the BBB and brain parenchyma \[[@bib0069],[@bib0070]\]. The aspartate-modified doxorubicin (Asp-DOX), in which aspartate was attached to the N-terminal of DOX via an amide bond with the free carboxyl of Asps, obtained the ability of actively targeting to HepG-2 cells (a human hepatoma cancer cell line overexpressing LAT1) [@bib0071]. This targeting property further facilitated the uptake of Asp-DOX in cancer cells and thus showed significant inhibition of tumor growth [@bib0071]. Besides, LAT1 has also been applied to facilitating the accumulation of inhibitors of efflux transporters, maintaining the uptake of cytotoxic agents at effectively high concentrations for therapeutic use [@bib0072]. Probenecid (PRB, an efflux pump inhibitor), as one of LAT1-utilizing prodrugs, interacted with either multiresistant proteins (MRPs), P-glycoprotein (P-gp) or breast cancer resistant protein (BCRP), and thus increased the cellular accumulation of vinblastine as well as its anti-proliferative efficacy [@bib0072]. In addition, several LAT1-based prodrugs were designed to improve the metabolic stability of therapeutic agents \[[@bib0073],[@bib0074]\]. For instance, gemcitabine-threonine amide prodrug showed not only elevated anticancer effect *in vitro*, but also better pharmacokinetic characteristics than gemcitabine, indicating its great potential in treating pancreatic cancer *in vivo* [@bib0074].

Quantities of amino acids and their derivatives can be recognized and transported by ATB^0,+^, such as nitric oxide synthase inhibitors and carnitine, and even short-chain fatty acid esters of carnitine \[[@bib0032],[@bib0075],[@bib0076]\]. Some studies revealed that several prodrugs are potent substrates for ATB^0,+^ as a conjugation of amino acid by esterification or acylation, such as valacyclovir ([L]{.smallcaps}-valyl ester of acyclovir), Acv-Glu ([L]{.smallcaps}-glutamate ester γ-ester of acyclovir) and valganciclovir ([L]{.smallcaps}-valyl ester of ganciclovir) [@bib0030]. Moreover, SN-38, an active ingredient of irinotecan, was introduced to valine as Val-SN-38, which resulted in increased intracellular accumulation approximately 5-fold in MCF7 cells compared with SN-38 [@bib0077]. Furthermore, it was found that ATB^0,+^ and other Na^+^-dependent neutral amino acid transporters, such as ATA1(SLC38A1), ATA2 (SLC38A2) and ASCT2, all participated in the uptake of Val-SN-38 to varying degrees [@bib0077]. This strategy might contribute to classic nucleoside analogues (cytarabine and decitabine), which led to several times in cellular permeability and bioavailability by conjugating to valine [@bib0078].

Glutamine-like Pt (IV) conjugates showed better cellular accumulation and antiproliferative activities by glutamine addiction [@bib0079]. In particular, the complex that linked glutamine through the α-carboxylic group acted as a Trojan horse in ASCT2-overexpressing cells [@bib0079]. Disguised as glutamine, it entered the cells via the transporter and immediately released cisplatin and glutamine [@bib0079]. In boron neutron capture therapy, the efficacy relies on selective delivery of boron-10 to malignant cells. ATB^0,+^ and LAT1 were found to transport P-boronophenylalanine (BPA) with K~m~ values of 137.4 ± 11.7 and 20.3 ± 0.8 µM, respectively [@bib0080]. Both of them transported BPA at affinities comparable with their endogenous substrates and contributed significantly to the tumor accumulation of BPA at clinical doses [@bib0080].

6. Amino acid transporter-targeted nanocarriers {#sec0014}
===============================================

For most anticancer agents without reactive group, the conjunction with amino acids is hard to realized. Surprisingly, some functional nanocarriers could be modified with transporter ligands and target to tumors by interacting with corresponding transporter, such as OCTN2 (SLC22A5) \[[@bib0082],[@bib0083]\], PEPT1 \[[@bib0084],[@bib0085]\] and SVCT1 [@bib0086]. So far, increasing studies have demonstrated the potential of amino acid transporter targeted nanocarriers for anticancer agents ([Table 3](#tbl0003){ref-type="table"}).Table 3Amino acid transporter assisted nanocarriers for tumor-targeting therapy.Table 3Amino acid transporterTargeting moietyCarrierDrugCancer typeEfficacyReferenceLAT1DopaLiposomesWP1066GliomaHigh brain accumulation (*i.v.*)\
High OS (60% higher *vs.* untreated)\
High growth inhibition of orthotopically glioblastoma[@bib0087]Multi-branched gold nanoparticles; AuNPs------Breast cancerElevated sensitivity of cancer cells to anticancer drugs\
High accumulation and cytotoxicity in cancer cells[@bib0099]GlutamateTPGS LiposomesDocetaxelMouse gliomaHigh brain accumulation *(i.v.*)[@bib0088]Polyoxyethylene stearate PLGA nanoparticle; SPG NPsPaclitaxelHuman and mouse breast cancer; human cervical cancerHigh tumor accumulation\
High antitumor efficiency *in vivo* (*i.v.*)[@bib0089][L]{.smallcaps}-tyrosinePoly (N-isopropylacrylamide- co-N,N- dimethylacryl amide) liposomes; P (NIPAAm- co-DMAAm) liposomes------Human cervical cancerTemperature responsibility\
High cellular uptake[@bib0090][L]{.smallcaps}-methioninegrafted hyaluronic-acid-N-acetyl-[l]{.smallcaps}-methinoine; HA-ADH-Met------------High binding affinity with LAT1[@bib0100]ATB^0,+^LysineLiposomesDocetaxelHuman liver cancer, mouse liver cancerHigh TIR Low systemic toxicity[@bib0091]AspartateLiposomesDocetaxelHuman lung cancerEnhanced cellular uptake\
Low vascular irritation[@bib0092][L]{.smallcaps}-carnitinePLGA nanoparticles5-FluorouracilHuman colon cancer, breast cancerHigh cellular uptake High cytotoxicity[@bib0050]ASCT2GlutaminePolyplexssiRNAHuman lung cancerIntracellular glutamine exhaustion and SLC1A5 upregulation\
Elevated sensitivity of cancer cells to cisplatin[@bib0094]β-cyclodextrin inclusion complexDoxorubicinHuman triple-negative breast cancerHigh antitumor efficiency *in vivo* (*i.v.*)\
Minimizing the toxicity in main organs[@bib0093]

6.1. Targeting to LAT1 {#sec0015}
----------------------

LAT1 has been confirmed to be overexpressed on brain capillary endothelial cells (BCECs) and glioma cells [@bib0087]. Hence in the therapy of central nervous system diseases, some studies utilized the special properties of LAT1 in BBB to facilitate the transport of drugs in the brain by preparing LAT1 substrate-modified nanoparticles [@bib0087]. A novel [l]{.smallcaps}-3,4-dihydroxyphenylalanine ([L]{.smallcaps}-DOPA) functionalized amphiphile (Amphi-DOPA) was synthesized to modify liposomes to enhance the BBB penetration in glioma therapy [@bib0087]. WP1066-loaded liposomes with Amphi-DOPA modification showed preferential accumulation in brain and higher overall survivability of mice bearing orthotopical glioblastoma by about 60% *vs.* untreated group [@bib0087]. Glutamate-[D]{.smallcaps}-α-tocopherol polyethylene glycol 1000 succinate (Glu-TPGS) has also been proved to enhance the BBB penetration, glioma accumulation and cellular uptake of docetaxel (DTX)-loaded liposomes via LAT1 [@bib0088]. These results implicated that LAT1-assisted strategy contributed to an optional direction for the development in brain glioma-targeting nano-drug delivery system.

Besides BCECs and glioma cells, LAT1 is also found to be abundant in breast cancer [@bib0089]. Glutamate was modified on poly (lactic-co-glycolic acid) (PLGA) particles to enhance the cellular uptake and cytotoxicity of paclitaxel (PTX) in breast cancer cells [@bib0089]. As expected, Glu-TPGS modified nanoparticles demonstrated improved tumor site accumulation and antitumor effects compared with unmodified ones in a subcutaneous 4T1 breast cancer mouse model [@bib0089]. Similarly, [l]{.smallcaps}-tyrosine-conjugated thermo-responsive liposomes led to the elevated cellular uptake of liposomes in Hela cells by enhanced affinity between [l]{.smallcaps}-tyrosine and the overexpressed LAT1 [@bib0090].

6.2. Targeting to ATB^0,+^ {#sec0016}
--------------------------

Amino acid transporter ATB^0,+^ mediates cellular uptake of its substrates with a broad selectivity and high transporting concentrative capability, which has attracted increasing attention for assisting tumor-targeting nano-drug delivery system. Amino acids with different electrical properties, such as glycine, aspartate and lysine, were covalently linked with polyoxyethylene stearate and then modified on nanocarriers to target overexpressed ATB^0,+^ on cancer cells [@bib0091]. Among them, lysine-modified liposomes (LPS-Lips) exhibited superior tumor-targeting properties. *In vivo* studies demonstrated that DTX-loaded LPS-Lips showed 1.45- and 1.91-fold higher tumor inhibition rate (TIR) than unmodified liposomes and Taxotere^Ⓡ^, indicating strongest suppression effect of tumor [@bib0091]. In terms of safety, ATB^0,+^-mediated nanoparticles showed less weight loss and no obvious structural disturbances in liver or kidney, and greatly alleviated vascular irritation of Taxotere^Ⓡ^, suggesting that ATB^0,+^-utilizing drug delivery could also minimize local and system toxic effects \[[@bib0091],[@bib0092]\].

6.3. Targeting to ASCT2 {#sec0017}
-----------------------

The glutamine uptake pathway via ASCT2 could be exploited as an alternative transport approach for the therapy of glutamine-addicted cancers. For example, glutamine was conjugated with 6-hydroxy of β-cyclodextrin to load DOX as inclusion complex (DOX\@GLN-CD) for TNBC [@bib0093]. GLN-CD showed similar ASCT2-binding sites compared with glutamine, and specifically accumulated in ASCT2-expressed TNBC cells [@bib0093]. Consequently, DOX\@GLN-CD improved the antitumor effects and minimized the toxic effects of DOX on main organs in MDA-MB-231 breast cancer-bearing mice [@bib0093]. In another study, glutamine macromolecular analog polyglutamine (PGS) was utilized to deliver therapeutic siRNA to glutamine-addicted cancer cells. The modified nanocarrier exhibited a high binding affinity to ASCT2 and increased intracellular accumulation [@bib0094].

6.4. Dual-targeting strategies {#sec0018}
------------------------------

It is known that tumors are consisted of heterogeneous tumor cells, in which a series of specific amino acids are expressed with different expression levels [@bib0009]. Furthermore, there is also a difference between expression level of a certain transporter according to different tumor sites, histopathologic types or neoplasm staging \[[@bib0050],[@bib0095]\]. Therefore, dual-targeting strategies seem to be an effective approach to overcome tumor heterogeneity [@bib0096], [@bib0097], [@bib0098]. For example, the development of [l]{.smallcaps}-carnitine-modified nanoparticles was designed to target both OCTN2 and ATB^0,+^ that highly expressed in colon cancer cells [@bib0050]. The modified nanoparticles made progress in cellular uptake and cytotoxicity of 5-fluorouacil by providing more chances for the multivalent binding between nanoparticles and tumor cell surface [@bib0050]. Wang Z. synthesized polyethylene glycol stearate with the conjugation of glutamate, lysine and tyrosine to modify irinotecan-loaded liposomes for the targeting of LAT1 and ATB^0,+^ simultaneously. The dual-targeting liposomes exhibited a better anti-tumor effect than Onivyde^Ⓡ^ and single-targeting liposomes both *in vitro* and *in vivo* [@bib0098].

6.5. Molecular mechanisms of amino acid transporter-mediate uptake of nanocarriers {#sec0019}
----------------------------------------------------------------------------------

As discussed above, it is sufficiently compelling that the use of amino acid transporter might be a promising approach to increase the efficacy of amino acid transporter-mediated antitumor drugs and a novel therapeutic approach in the context of cancers. Numbers of studies have focused on the mechanisms of how amino acid transporters effectively mediate nanocarriers into cells with specific modification [@bib0101].

The mechanism of amino acid transporter-mediated uptake of nanocarriers has been speculated as a receptor-mediated process [@bib0091]. Previous results indicated that the uptake efficiency mediated by transporter had a positive correlation with incubation time, ligand ratio, ions and affinity of nanocarriers to membrane, but might be inhibited by the presence of endocytic inhibitors or free amino acids ([Fig.](#fig0002){ref-type="fig"}2A--2D) \[[@bib0088],[@bib0091],[@bib0094]\]. A better attachment capability was suggested to be derived from the intensive interaction with cell membrane where transporter serving as an anchoring point for particles with ligands/substrates. Depending on the factors affecting the uptake efficiency mediated by amino acid transporters, the transport process possibly involves five steps (take ATB^0,+^ mediated uptake of lysine-modified liposome as an example): (1) recognition of ligand/substrate with transporter in an outward-facing state; (2) multi-point binding of ligands with transporter to substrate-bound occluded state; (3) transporters and nanoparticles trapped in membrane invagination; (4) endocytic process; (5) restoration of transporters ([Fig. 2](#fig0002){ref-type="fig"}E) [@bib0091].Fig. 2Affecting factors involved in the uptake of lysine-modified coumarin 6-loaded liposomes (LPS-Lips/C6) mediated by ATB^0,+^. (A) More liposomes attached on cell membrane of LPS-Lips/C6 compared with unmodified liposomes (PS-Lips/C6) were observed in confocal microscope images (50 ×); (B) The cellular uptake of LPS-Lips/C6 was suppressed in the presence of endocytic inhibitors; (C) The cellular uptake of LPS-Lips/C6 was enhanced in the presence of Na^+^ and Cl^−^ ions; (D) The cellular uptake of LPS-Lips/C6 was suppressed in the presence of amino acids; (E) The speculative process of ATB^0,+^-mediated uptake of nanocarriers. Adapted from Luo et al. [@bib0091].Fig 2

To sum up, it is definite about the positive role of amino acid transporters in efficient tumor-targeting drug delivery. However, it is unclear how these nanocarriers in turn affect the restoration of corresponding amino acid transporters. According to recent studies, two possible restoration pathways were discovered on amino acid transporters: (1) recycling back to cell membranes, (2) degradation through endosome/lysosome routes. In the former, once the substrate-modified nanocarriers along with endocytic cargos dissociate from the amino acid transporters, these transporters return back to cell membrane. During the entire process, the total transporter protein remains constant, suggesting the sufficient levels of amino acid transporters. Li L. indicated LAT1-targeting nanoparticles endocytosis caused the level of LAT1 protein decrease on the cell membrane but increase in the cytoplasm at the beginning [@bib0089]. While LAT1 protein diminished from cytoplasm, it recovered on cell membrane, confirming the original aspect [@bib0089]. On the contrary, ATB^0,+^-targeted nanocarriers endocytosis led to a gradual reduction of ATB^0,+^ protein, verifying the degradation of the transporter during the uptake \[[@bib0050],[@bib0091]\].

6.6. Effects of nanocarriers themselves on transporter-targeting efficiency {#sec0020}
---------------------------------------------------------------------------

The physicochemical properties of nanocarriers, including sharp, size and charges, determine their *in vivo* fates in the circulation. The shape of nanocarriers could be classified as spherical, cubic, rod-like and worm-like ones, which influences the uptake efficiency to a large extent [@bib0102]. Rod-like and worm-like nanoparticles showed higher uptake than spherical polymeric nanoparticles [@bib0102]. The size of nanocarriers for intravenous administration is in a range of 10--200 nm, which is in favor of tumor penetration and cellular uptake for tumor therapy by taking advantage of the EPR effect [@bib0102]. Undersized particles (about 10 nm) would undergo filtration at the renal glomerulus and accordingly get fast eliminated [@bib0103]. For nanocarriers with ligands, a size of ∼25 nm is the enthalpic limit for spherical nanoparticles binding to target proteins on the surface of cancer cells in close proximity to drive the membrane-wrapping process [@bib0104]. However, oversized particles (greater than 200 nm) would activate the complement system and be removed fast from the blood stream, resulting in the accumulation in liver and spleen [@bib0105]. In the case of intravenous administration, a negative or neutral nanoparticle is more stable in the system circulation, while positive charged nanoparticle showed better reaction with negative charged cell membrane for uptake [@bib0106].

Furthermore, the density of substrate/ligand modification also affects the targeting efficiency of amino acid transporter-targeting nanoparticles. Li found that the uptake of glutamate-modified nanoparticles was growing with the increase of glutamate density [@bib0089]. Similarly, the uptake of aspartate-modified liposomes was improved with the enriching aspartate density in the range of 0--10% and reached maximal effect at 10% of aspartate on liposome. Whereas, the uptake declined as soon as the aspartate density continued to be 20% \[[@bib0083],[@bib0092]\]. It could be explained in two aspects: (1) the cellular uptake is increased within a certain range of substrate/ligand density; (2) when the density is exceeded, the subsequent increased ones become too crowded on the surface to compete for transporters, thus decrease cellular endocytosis of nanoparticles ([Fig. 3](#fig0003){ref-type="fig"}A and 3B) \[[@bib0083],[@bib0107]\]. The cellular uptake was improved with the increase of PEG chain length from 10 EGs (ethylene glycol) to 25 EGs, but weaken at 40 EGs [@bib0089]. A synthetic action of substrate/ligand density and linker length defines the attachment capacity of nanocarriers on cells [@bib0108]. As we discovered, a better attachment capacity of nanocarriers on cell surface leads to a greater cellular uptake of them [@bib0091].Fig. 3(A) Confocal microscope images of Caco-2 cells incubated with LC-PLGA NPs at 37 °C for 1 h. Blue: DAPI for nuclei, Green: coumarin 6. (B) The effects of the substrate/ligand density on the nanoparticle absorption. Adapted from Kou et al. [@bib0083] (C) Confocal microscope images and fluorescence intensity for flow cytometry of Hela cells incubated with liposomes for 4 h at 37 °C (left or blue) and 42 °C (right or red). Nuclei were stained blue (DAPI), CF appeared green, and lysosomes were stained red (LysoTracker Red DND-99). (D) Schematic illustration showing the LAT1-targeting thermoresponsive liposomes. Adapted from Maekawa-Matsuura et al. [@bib0090].Fig 3

Additionally, the inherent states of substrate/ligand determine the final properties of amino acid transporter mediated nanocarriers. The interaction force between the substrate/ligand and amino acid transporters would be strengthened or suppressed, according to charge transfer and temperature variation. In our study, free aspartate is not a typical substrate of ATB^0,+^ due to the anionic β-carboxyl group on its side chain, once the resultant side chain loses negative charge via the esterification with PEG, it is recognized as a substrate of ATB^0,+^ [@bib0091]. By contrast, although free glycine is originally a substrate of ATB^0,+^, it loses the ability to be recognized when conjugated to PEG [@bib0091]. In the study of LAT1-targeting liposomes, the cellular uptake of liposomes was enhanced by external temperature rising ([Fig. 3](#fig0003){ref-type="fig"}C). The Tyr-P (NIPAAm- co-DMAAm) liposomes could be more effectively taken up by Hela cells at 42 °C compared with 37 °C [@bib0090]. At temperature above the lower critical solution temperature (LCST) of P(NIPAAm- co-DMAAm), the uptake by cancer cells was enhanced through improving the hydrophobicity of liposome surface and its interaction with cell membrane [@bib0090]. The synergetic effect of the hydrophobic interaction between the polymer and cell membranes, and the affinity between polymer terminal ligand and LAT1, improved the cellular uptake of the liposomes ([Fig. 3](#fig0003){ref-type="fig"}D) [@bib0090]. To sum up, these integrated factors determine the attachment capacity of nanocarriers, by which a greater cellular uptake might show up \[[@bib0091],[@bib0108]\].

7. Summary and outlook {#sec0021}
======================

Tumor cells overexpress various types of transporters to meet the enormous demand for proliferation. Amino acid transporters are markedly located in certain specific tumors and contribute an efficient way to deliver anticancer agents selectively to tumors via prodrugs and nanocarriers. However, several problems need to be settled in the future research, including: (1) amino acid transporters are also equally important to normal cells, thus putting forward the challenge of how to avoid the transporter-mediate uptake of anticancer agents in normal cells; (2) the definite effects of transporter-mediate prodrugs/nanocarriers on transporters is still unclear, raising the question of the design of multiple dosing and its curative effect; (3) despite the success in the safety and effectiveness on animal models, its future clinical effects needs further confirmation, challenging us to unlock the underlying regularity and mechanism of transporter-mediate prodrugs/nanocarriers. Amino acid transporter-mediate tumor-targeting drug delivery strategy opens a new field in tumor treatment, and needs continuous research in the validation of its feasibility.
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[^1]: AA is an abbreviation for amino acid.
